. We will describe here how this system has allowed us to study the seminal events in the biogenesis of glycogen.
Part of this
work has already appeared in abstract form (21) . Detailed reviews of the events leading to the discovery of glycogenin (22) and the more recent findings on glycogen biogenesis (23) may also be consulted.
MATERIALS AND METHODS
'C-Labeled glucose and UDPglucose were from ICN Biochemicals (Irvine, Calif.). Reagents for SDS-PAGE were from BioRad (Richmond, Calif. For treatment with NH4, cells were incubated in Dulbecco's modified Eagle medium (DMEM), which has a glucose content of 5.5 mos to which was added 5 mM NH4C1. Incubation was continued at 37#{176}C for 24 h in 5% CO,/95% air in parallel with cells not treated with NH4CI. Dishes of 60 mm diameter were used, each containing 3 ml of medium. After 24 h the cells were refed by exchanging the incubation medium for fresh medium. The cells were harvested at the noted times after refeeding by washing twice with 1 ml of cold Dulbecco's phosphate-buffered saline (DPBS), after which the plates were immediately immersed in liquid nitrogen for 5-10 s and stored on dry ice until used for the assay. The contents of at least three dishes were combined for the assays corresponding to each time point. The astrocytes were transferred from each dish with 200 p1 of extracting buffer (10) and disrupted by 10 strokes of the piston in a glass-Teflon homogenizer.
The homogenate was centrifuged for 10 mm at 14000 rev/mm and 4#{176}C in an Eppendorf microfuge.
Pulse-chase experiment
Astrocytes maintained on DMEM ± 5 m NH4CI (see above) were washed twice with DPBS (2 ml) and then treated for 5 mm in 5% C02/95% air at 37#{176}C with 3 ml of DPES containing 2 pCi (7 nmol) of ['4C]glucose per dish. They were rapidly washed twice with DPBS (2 ml), fed with DMEM ± 5 mss NH4C1, and maintained at 37#{176}C in 5% CO,/95% air for the designated times, when they were washed and frozen as described above. The subsequent treatment of the cells after disruption is described in Results and in the figure legends.
RESULTh
Intermediates in the synthesis of astrocyte glycogen Astrocytes were maintained in DMEM for 24 h in the presence and absence of 5 mM ammonium chloride, and refed with the same medium.
Extracts were prepared at intervals after refeeding and assayed for glycogen, for protein glucosylation with UDP[1C]glucose in the presence and absence of glucose 6-P, for glycogen synthase activity (± glucose 6-P) using glycogen as primer, and for phosphorylase (± AMP).
The results are shown in Fig. 1 a- are refed glucose and that synthesis also occurs in the presence of NH4, but the upper limit of accumulation is much lower (20, 28) . The rapid synthesis of glycogen is not, however, paralleled by any significant change in MGS activity ± NH44 (Fig. Ic) , but there is a rapid increase in PGS, especially in the presence of glucose 6-P, again ± NH,4 (Fig. lb) . Phosphorylase activity, especially in the absence of NH,4 and AMP, undergoes a rapid decline (Fig. ld) . The corresponding radioautographs of 14C-labeled TCAinsoluble material after SDS-PAGE (Fig. 2) show that at the point of feeding glucose, and in the absence of NH,, there are present species with an Mr of 50-80 kDa. As soon as the cells begin to utilize glucose, these disappear and all the TCA-insoluble species detected by 14C-glucosylation are now seen at the top of the gel in the area of proglycogen (Fig. 2) nm (or SGP) itself ( Fig. 2 and Fig. 3 Fig. la, Fig. 2 ). On refeeding glucose to the NH,4-treated cells (Fig. 2) , one is then able to observe the synthesis of proglycogen from the glycogenin primer.
The ammonia-treated astrocyte therefore offers a unique opportunity to observe the initial stages of the formation of proglycogen.
Pulse Figure 5 shows the distribution of "C in the pulse-chase as between untreated (control) and NH,4-treated astrocytes when extracts were subjected to SDS-PAGE and radioautography. There was a background of labeled bands in each series that may not have been glycogen intermediates, but other glycoproteins (cf. discussion of Fig. 6 ). There were, however, contrasts between the two that were clearly related to glycogen synthesis.
In the extracts of untreated astrocytes (control), the most intensely labeled protein bands were at the origin, corresponding to proglycogen. In the NH,-treated astrocytes, the major labeled protein band was in the position of glucosylated glycogenmn (SGP) at 38 kDa. These results, showing the presence of SGP and proglycogen in situ in the intact astrocytes, may be compared with the similar results of the in vitro experiments in Fig. 2 and Fig. 3 by a-amylase (7, 8, 10) . This is because SGP as isolated already contains at least two (unlabeled) glucose residues (11) . The inability of a-amylase to remove the label from glycogenin that had been glucosylated in situ means that the glucose residue attached to the protein was itself labeled.
The Figure 5 . Pulse-chase of astrocytes with ["C]glucose followed by unlabeled glucose, showing the radiolabeled proteins seen in extracts subjected to SDS-PAGE and radioautography at various intervals. This is the same experiment as in Fig. 4 and compares control astrocytes with ammonia-treated astrocytes.
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Mr ( This is the same experiment as Fig. 5 where a portion of the labeled proteins present at 30 mm after beginning the chase with unlabeled glucose was treated with es-amylase before SDS-PAGE. The feature of interest is that the band seen at 38 kDa before treatment with aamylase diminishes in intensity, concomitant with the appearance of a band at 36.5 kDa after treatment with a-amylase. gen synthesis (0-90 mm). The synthase is mainly in the glucose 6-P-dependent form. Some variations in the relative amounts of dependent/independent synthase activity occur, but not such as to suggest that the rate of glycogen synthesis would be materially affected. The same is true for MGS activity in the presence of NH,4 in respect to activity vs. time after refeeding glucose.
Little change occurs during 90 mm.
The glucose 6-P-stimulated activity is less than in the absence of NH,4, but now there is almost no glucose-6-Pindependent activity. That is, in the presence of NH44 and by contrast with its absence, the MGS is in an almost entirely glucose 6-P-dependent form. The significance of this difference from the ammonia-free astrocytes will become apparent later. Although MGS activity did not change significantly, there was a decrease in the activity of phosphorylase a and a corresponding conversion into the dependent (b) form (Fig. ld) .
It could be argued that if the astrocyte is supplied with glucose 6-P but is deficient in AMP, the changes in the relative amounts of synthase and phosphorylase would account for the net synthesis of glycogen that ensues when the astrocytes are refed with glucose.
However, examination of the TCA-precipitable, amylasesusceptible "C provides a more plausible reason for the rapid synthesis of glycogen when glucose is refed (Fig. Ib); it is that the system responsible for proglycogen synthesis is activated.
Proglycogen is rapidly synthesized over [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] mm. In the absence of NH,4, glucose 6-P initially inhibits this process and is seen to activate it only after 30 mm or later. In presence of NH,4, glucosylation of 'TCAprecipitable material parallels the changes seen in its absence but is much lower at all stages from 0-60 mm. The radioautographs of the digests submitted to SDS-PAGE (Fig. 2) allow the results in Fig. lb to be interpreted.
Examining first the + NH,4 radioautographs (Fig. 2) assists the interpretation.
At zero time there is a sharp band of 38 kDa, the same Mr as for muscle glycogenin (9) . When glucose is refed, this band disappears, to be replaced by a band with an average in the absence of NH4, at zero time, only a small amount of glycogenmn (SOP) is to be seen (Fig. 2) . It is accompanied by a series of sharply delineated bands of varying intensity and greater
Mr. A particularly intense band is seen at 60 kDa. We have seen such bands repeatedly, first during the autolysis of muscle proglycogen (13) . They disappear to form SGP when the digest is treated with aamylase before SDS-PAGE (13) . They appear to be intermediates in glycogen degradation present immediately before initiating glycogen synthesis by feeding glucose.
In the NH,4-treated astrocyte at the corresponding stage, the degradation has proceeded all the way to SOP (Fig. 2) . The effect of NH,4 in retarding the glucosylation of SGP to form proglycogen is further illustrated in Fig. 3 
Proglycogen is an intermediate in glycogen synthesis
A pulse-chase experiment was performed in which for 5 mm the astrocytes were exposed to a trace of ["C]glucose, which was then washed away and replaced with unlabeled 5 mM glucose (Figs. 4-6 ). The cells were examined over 90 mm for the amounts of "C in proglycogen and macroglycogen. The effect of 5 mM NH,' was also tested.
In the absence of NH, we conclude that:
1) Proglycogen synthesis precedes that of macroglycogen (Fig. 4) .
2) The immediate appearance of "C in proglycogen, followed only after 30 mm by "C in macroglycogen, with a concomitant fall in proglycogen labeling, establishes a plausible precursor-product relationship between the two glycogens (Fig. 4) .
In the case of NH,4-treated astrocytes, we conclude that:
1) There is an immediate, but lesser, incorporation of label into proglycogen and no subsequent movement into macroglycogen (Fig. 4) .
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2) This last result supports the proglycogen (precursor)-macroglycogen (product) relationship. Earlier (Fig. 2) it was established that SOP is a precursor of proglycogen.
3) It is clear that in the sequence glycogenin
NH,' blocks the synthesis of macroglycogen.
This supports our earlier conclusion that different glucosyl transferases act to catalyze each pathway (14) . 4) Figure  5 depicts the radioautographs of extracts of pulse-chased astrocytes after SDS-PAOE.
As noted in the Results section, the results of labeling astrocytes with ["C]glucose in situ (Fig. 5) parallel those of labeling extracts in vitro (Fig. 2 and Fig. 3) , in particular the effects of NH,' on glycogen synthesis.
5)
We were able to conclude from the experiment in Fig.  6 Figure 7 . Hypothesis to explain the synthesis of macroglycogen from glycogenin via proglycogen.
We suggest that the first step is the monoglucosylation of glycogenin in a manner yet to be identified, but detected in the astrocyte in the experiment described in Fig. 6 . The monoglucosylated glycogenin (SGP) is autocatalytic (10, 12) and proceeds to build malto-octaose using UDPglucose (II), which is also the source of all subsequently added glucose residues. (31, 32) , and 4) the regulation of proglycogen synthase activity separately from that of macroglycogen synthase.
In this last respect, the ammonia-treated astrocyte illustrates that it is possible to synthesize proglycogen and not proceed to macroglycogen, and that this may be correlated with the fact that in the presence of NH,4 the synthase activity is almost entirely glucose 6-P-dependent (Fig.  IC) . Any of the steps (1-4) Research communications on this topic will also appear in the July issue.
Deadline for submission of manuscripts is March 1, 1994.
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